Abstract Objectives: To clarify the incidence of spinal cord injury (SCI) after thoracic endovascular aneurysm repair (TEVAR), we investigate the intercostal/lumbar arteries that supply the Adamkiewicz artery (ICA-AKA). Patients: Among 81 patients subjected to TEVAR, we retrospectively reviewed the clinical records of 50 patients (range: 57e86 (median age: 77) years, 41 males) who underwent TEVAR for part of or the whole distal descending aorta (T7 to L2) after identification of ICA-AKA by magnetic resonance angiography (MRA) or computed tomography angiography (CTA). Results: The 50 patients were classified into group A: 17 patients whose patent ICA-AKA was not covered, group B: 24 patients whose ICA-AKA was covered and group C: nine patients in whom no patent ICA-AKA was identified. Only three patients in group B suffered paraplegia and of them two recovered full ambulation. The estimated incidence of permanent and transient paraplegia was 3.7% in all TEVAR patients, 6.0% when part of or the entire distal aorta was covered and 12.5% when the patent ICA-AKA was covered. The length of aortic coverage in patients with paraplegia was >300 mm. Conclusions: Paraplegia after TEVAR occurred in one of eight patients in whom the stent graft covered ICA-AKA. Long coverage of the aorta including the ICA-AKA was critical. To prevent this serious complication, identification of the ICA-AKA is crucial. ª
The incidence of spinal cord injury (SCI) after thoracic endovascular aneurysm repair (TEVAR) has been reported to vary according to the demographics of the patients. 1e20 Whether the integrity of the Adamkiewicz artery (AKA) is essential for spinal cord function is still to be investigated. 21 However, after reattachment of the intercostal/ lumbar arteries, which supply AKA (ICA-AKA), or of the adjacent intercostal/lumbar arteries during thoracoabdominal aortic replacement, motor-evoked potentials (MEPs) recover. 22 TEVAR has been reported to reduce SCI. 12 In principle, the longer the length of the aorta including both landing zones that is covered by TEVAR, the larger the number of ICAs that will be sacrificed and whose revascularisation will be impossible. 23 To clarify the incidence and cause of SCI after TEVAR, we have investigated the patency of ICA-AKA in relation to other factors which may cause SCI.
Materials/Methods

Patient demographics
In the past 27 months, of 81 patients, we performed TEVAR with Gore TAG (W. L. Gore & Associates, Flagstaff, AZ, USA) in 47 patients, Talent thoracic stent graft (Medtronic, Inc., Santa Rosa, CA, USA) in five, both TAG and Talent in one and Matsui-Kitamura (MK) stent graft in 28 patients. 24 In this study, we included 50 patients who underwent TEVAR for part of or the whole distal descending aorta after ICA-AKA was identified by magnetic resonance angiography (MRA) or computed tomography angiography (CTA). The distal descending aorta was defined as the segment between T7 and L2. 25 Fifteen patients who underwent TEVAR above T6 and 16 patients who had not undergone MRA or CTA to identify ICA-AKA were not included in this investigation.
In general, the patients were senescent, debilitated and presented co-morbidities. (Table 1 ) Thirty-seven patients were !75 years old and the median age was 77. Thirtyseven patients were in ASA class 3 or 4, and 32 patients had a history of aortic surgery (48 surgeries in total).
Of the 18 patients who had undergone AAA repair, TEVAR had been indicated more than 1 year later in 11 patients, scheduled within 3 months in five and performed simultaneously in two. Emergency TEVAR was performed in three for haemoptysis, acute aneurysm dissection and persistent back pain. They were haemodynamically stable and could undergo CTA for ICA-AKA.
In all patients, another CTA was carried out to precisely measure the aneurysm and access. CTA also revealed the patency of the left subclavian (LSCA) and bilateral internal iliac arteries (IIA). Occlusion of left IIA (LIIA) was confirmed in three patients but LSCA and right IIA (RIIA) were patent in all the patients regardless of whether total arch replacement (TAR) or AAA repair was performed.
Identification of ICA-AKA ICA-AKA was identified by MRA in 39 and by CTA in 11 patients.
The details of contrast MRA were previously reported by Yamada et al. 26 For the CTA, an Aquilion 16 multi-detector row CT scanner (Toshiba, Tokyo, Japan) was used. To detect AKA, the reconstruction field of view was set to the area around the aorta and spine. The images were processed in a workstation (Ziostation; Amin, Tokyo, Japan). Volume-rendered images of the entire aorta were routinely generated. Multiplanar reformation (MPR) images, including oblique coronal images with craniocaudal angulations and curved planar reformation images, were reconstructed to investigate the side and level of the origin of AKA.
Diagnostic criteria for the anterior spinal artery and AKA were as previously reported. 26 We preferred MRA as CTA is disadvantageous due to the influence of the spine and lack of accurate differentiation of the AKA from the anterior radicular vein. 22 However, the selection of MRA or CTA depended on the availability of the equipment. CTA was used in all three emergency cases. When AKA was not identified by MRA, it was diagnosed as 'absent' (n Z 3). In 47 patients, 51 ICA-AKAs were identified ( Table 2 ). In four patients, there were double ICA-AKAs. Occlusion of ICA-AKA at its origin was diagnosed in six patients, in all of them on the left side. When the ICA-AKA was occluded, blood supply from adjacent intercostal or lumbar arteries was suspected to be significant. However, we were unable to distinguish the critical collateral flow to AKA.
TEVAR
To create a landing zone, a carotidesubclavian bypass was performed in two and visceral vessel bypass was performed in one. In nine patients who had extensive/multiple aneurysm(s) from the aortic arch to the descending aorta, TAR was performed using elephant trunk (ET) implantation. Regarding patients who had a history of aortic surgery, an artificial graft was used to create a proximal landing zone in 19 and a distal landing zone in three.
In all patients, TEVAR was carried out under general anaesthesia. The access route for TEVAR was a native artery in 35, an iliac conduit in 13 and a graft limb or a side branch of AAA graft in two patients.
MEP monitoring and cerebrospinal fluid drainage
In all patients trans-cranial MEPs were monitored during TEVAR and a cerebrospinal fluid drainage (CSFD) tube was placed before TEVAR in 31 patients.
Immediately after the stent graft was placed, the mean blood pressure was raised above 80 mmHg and MEP was monitored every 5 min. When the amplitude of MEPs decreased under general anaesthesia, or when symptoms and signs of SCI were noted during the postoperative period, CSFD (<15 cmH 2 O) was started with the infusion of methylprednisolone (30 mg kg À1 bolus and 5.4 mg kg À1 h À1 for 23 h followed by 2.7 mg kg À1 h À1 for 2 days) and naloxone (1200 mg day À1 ). Intensive spinal care with CSFD, methylprednisolone and naloxone was continued for 72 h if the symptom did not resolve or was discontinued 24 h after full recovery.
CSFD was started only after paraplegia or a decrease of less than 25% of the amplitude of MEPs was noted. CSFD was not indicated as a prophylactic measure after TEVAR.
Measurement of the aortic length
The length of 'proximal uncovered aorta' (from LSCA to stent graft), 'aortic coverage' by stent graft and 'distal uncovered aorta' (from stent graft to coeliac axis (CA)) was measured on CTA using curved planar reformation images processed in a workstation (GE Advantage workstation 4.3).
After TAR with a multibranch graft, the length of aortic coverage was measured from the distal anastomosis. This site coincided with the origin of ET and was several centimetres distal to the branch graft of LSCA. When ET was installed, the proximal edge of the stent graft was positioned inside the multibranch graft and not only inside ET. After replacement of the descending or the thoracoabdominal aorta, the position of LSCA and/or CA served as the point of reference for the measurement.
Statistical analysis
Values are the mean AE SD. Data were analysed using the chi-square test for categorical variables, and continuous variables were examined using analysis of variance (ANOVA). The level of statistical significance was set at p < 0.05.
Results
Mortality and morbidity
Initial success of TEVAR was achieved in all patients except for two patients with Type I endoleaks detected by CTA who were successfully treated by a repeat TEVAR. No operative (30 days) death was encountered. Injury and occlusion of access arteries occurred in one. Two patients were complicated with cerebral embolism due to the guidewire pull-through technique and atrial fibrillation.
The following three patients were complicated with paraplegia: Patient 1 was a 59-year-old man with a history of closure of ventricular septal defect, aortic valve replacement and repair of a Valsalva sinus aneurysm. He also suffered from liver cirrhosis. He developed aneurysmal dilatation of the whole thoracic aorta and underwent TAR with ET installation as the first-stage repair. MRA revealed the AKA arose from the left Th9-ICA. TEVAR with Gore TAG was performed 5 weeks later from ET (Z3) to T11. The iliac conduit was connected to the right common iliac artery but the haemostasis was time consuming because of obvious coagulopathy due to liver cirrhosis. Paraplegia was confirmed 24 h after TEVAR after the patient suffered much pain. Despite treatment for SCI, the patient could not ambulate. Retroperitoneal haematoma had to be removed twice. He eventually died from methicillin-resistant Staphylococcus aureus (MRSA) mediastinitis 4 months after TEVAR. The length of aortic coverage from the origin of ET to the distal flair was 325 mm.
Patient 2 was an 81-year-old man with ascending, arch and descending aorta aneurysms. MRA revealed the AKA branching from the left Th9-ICA. Four weeks after TAR with ET installation, TEVAR with TAG was performed from ET (Z3) to T12 (Fig. 1) . The iliac conduit was required and haemostasis took a long time due to co-existing consumption coagulopathy caused by aortic lesions. Six hours after TEVAR, the patient suddenly complained of back pain and paraplegia was confirmed. One hour after intensive spinal treatment, he could move his legs and on the next morning he could walk. The retroperitoneal, femoral and brachial haematomas were removed twice. The length of aortic coverage was 302 mm. Patient 3 was a 78-year-old woman who had undergone TEVAR (Z3 to T7) for a proximal descending aortic aneurysm 6 months earlier. MRA revealed the ICA-AKA branching from the left Th9-ICA. Due to the rapid growth of the distal descending aortic aneurysm, TEVAR was performed again from the previous stent graft to L1. The CA was closed to create a distal landing zone. Immediately after the deployment over the Th9-ICA, the MEPs of both thenar muscles diminished and the amplitude of the MEPs of the right anterior tibialis decreased about 50% from the control amplitude (Fig. 2) . Despite treatment for SCI, ankle dorsiflexion was slight when she awoke from anaesthesia. Intensive spinal care was continued and she gradually gained muscle strength within 3 h after TEVAR. On the following morning she could ambulate. The length of aortic coverage after the first TEVAR was 157 mm and was extended to 308 mm by the second TEVAR.
Incidence of paraplegia
The 50 patients were classified into group A: 17 patients whose patent ICA-AKA was not covered by TEVAR, group B: 24 patients whose ICA-AKA was covered by TEVAR and group C: nine patients in whom no patent ICA-AKA was identified. Group C included six patients whose ICA-AKA occluded at its origin and three patients whose ICA-AKA was absent. T7  T8  T9  T10  T11  T12  L1  L2   s  e  n  o  z  d  e  r  e  v  o The three patients who developed paraplegia were in group B, that is, ICA-AKA was covered by TEVAR. The estimated incidence of permanent and transient paraplegia was 3.7% in all patients subjected to TEVAR (81 patients), 4.5% in patients in whom part or the entire distal aorta was covered, regardless of ICA-AKA identification by MRA (66 patients) and 6.0% in those whose ICA-AKA was identified (50 patients, groups A, B and C). The incidence increased to 12.5% only when the patent ICA-AKA was covered by TEVAR (24 patients, group B).
Comparison of patients with and without paraplegia after TEVAR showed that the operation time and the length of aortic coverage were significantly longer in those with paraplegia (Table 3) . Episodes of hypotension below 80 mmHg for more than 10 min during and after surgery were more frequent in patients with paraplegia. No difference was found in the patency rate of LSCA 27 and IIA. Other risk factors previously reported 28 such as the abdominal aortic surgery and the renal dysfunction showed no difference. Fig. 3 shows the occurrence of paraplegia in relation to aortic coverage and distal aortic uncoverage length. When these were divided into zones, the stent grafts in the three patients with paraplegia were placed at T11 or distal to it and covered more than eight zones. Fourteen patients without paraplegia had the same range of intervened zones (Fig. 3A) . In the three patients with paraplegia, the length of aortic coverage was more than 300 mm. The length of distal uncovered aorta was within 60 mm. Four other patients whose length of aortic coverage was between 270 mm and 300 mm and the length of distal uncovered aorta was less than 60 mm did not experience paraplegia (Fig. 3B) .
Discussion
We have reported the low risk of paraplegia for patients subjected to descending and thoraco-abdominal aorta open repair by combined use of AKA identification by MRA and MEP measurement. 22 The risk of paraplegia has been considered to be lower after TEVAR than after open repair, but the incidence of SCI in the previous reports varied (Table 4 ). This variation might be due to differences in case mix as the area subjected to TEVAR was not the same and was not specified in some of the reports. 23 The theoretical advantages of TEVAR concerning protection of the spinal cord are the maintenance of distal perfusion, stable haemodynamics and no reperfusion of the spinal cord. 12 However, additional ICAs are sacrificed for the landing zones and revascularisation of the ICAs is impossible. Paraplegia occurs after TEVAR when the arteries that supply the spinal cord are sacrificed, as well as after a period of hypotension or as a result of emboli from aortic atheromatous lesions. 29 We encountered paraplegia in three patients whose patent ICA-AKA was covered and the length of aortic coverage was more than 300 mm. The rate of permanent and transient paraplegia was 12.5% (1/8), when the patent ICA-AKA was covered by TEVAR. This result was in agreement with that of a previous study showing that SCI occurred in 9.1% of the patients with occlusion of the ICA-AKA. 13 The authors did not encounter paraplegia in patients whose ICA-AKA was patent. This fact is also relevant to our result as none of our patients, whose ICA-AKA was already occluded at its origin before TEVAR or was absent, experienced paraplegia.
The spinal cord blood supply depends on many interchangeable collateral arteries that supply the anterior spinal cord artery, rather than a single dominant AKA. 21 However, the importance of the patency of the ICA-AKA during TEVAR 13 and the restoration of blood flow in the spinal cord after revascularisation of ICA-AKA at the aortic replacement have been reported. 22 Patency of ICA-AKA is sufficient to prevent paraplegia and occlusion of the patent ICA-AKA is critical. To preserve the patency of ICA-AKA, this should be identified preoperatively to allow the creation of an adequate landing zone. 12 The rate of paraplegia, 12.5%, means that 87.5% (7/8) patients did not develop paraplegia after the coverage of patent ICA-AKA. Between three patients who suffered paraplegia and 21 patients who did not in group B, the threshold of the length of aortic coverage was 300 mm. The length of aortic coverage has been described as a risk for SCI in previous reports. 13, 30 Amabile et al. reported that 205 mm was the critical length of aortic coverage for SCI. 18 Feezor et al. described that both the extent (>200 mm) and distal location of aortic coverage (20 mm from CA) were associated with an increased risk for SCI. 16 We tried to locate the critical segment for paraplegia by dividing the aorta into zones but the length measured by CTA demonstrated the critical length of aortic coverage more clearly. This particular threshold, 300 mm, might vary in the future as experience accumulates and the index is modified, for instance, according to height. Nevertheless, it can be emphasised that long aortic coverage is another important risk factor for paraplegia. Long coverage of the aorta including the patent ICA-AKA is critical.
We found intra-operative coagulopathy related to prolonged operation time and postoperative retroperitoneal bleeding in patient 1 and patient 2. Hypotension associated with retroperitoneal bleeding contributes to SCI. 6 Consumption coagulopathy is another risk which is heightened by long coverage of the aorta.
Paraplegia occurred when the stent graft covered the zones at T11 or was placed less than 60 mm from CA. It can be concluded that the zones above T10 or a distance of more than 60 mm from CA are safe. However, the length of distal uncovered aorta would only express the probability of the occlusion of the ICA-AKA according to its distribution. The length of distal uncovered aorta might be less significant than the closure of the ICA-AKA or the length of aortic coverage.
Similarly, high percentages of paraplegia, 12.5% and 14.3%, after TEVAR were reported in patients with prior AAA repair. 12, 20 In our series, a history of abdominal, thoraco-abdominal, or descending aneurysm repair was not a significant risk for paraplegia. However, AAA repair sacrifices several pairs of lumbar arteries that significantly contribute to spinal cord perfusion and/or IIA, which are the possible sources of direct or collateral blood flow to spinal arteries. Indeed, previous AAA repair was described as a risk factor in various other reports. 2, 6, 12, 27, 31 Limitations of this study include the retrospective review of prospectively collected data, the retrospective measurement of aortic length and the small number of patients. Further accumulation of patients treated by TEVAR after identification of ICA-AKA is crucial for more precise diagnosis of the risk for paraplegia after TEVAR.
Conclusions
Paraplegia after TEVAR occurred in 1 of 8 (12.5%) patients in whom the stent graft covered the distal descending aorta below Th7. Long (>300 mm) coverage of the aorta including the ICA-AKA is a critical risk factor for SCI and paraplegia. To prevent this serious complication, it is imperative to identify the ICA-AKA before performing TEVAR.
